Caching is an enabler to avoid congestion and delay in the backhaul links of future 5G networks. The basic idea behind this concept consists in estimating the content that would be most likely requested by the end users served by each edge node and, after that, make a pro-active placement of those files during the traffic off-peak hours. Optical wired/wireless terrestrial links support a high point-to-point data rate but, when the same content needs to reach different destinations, parallel unicast transmissions are needed. On the other hand, satellite systems provide a lower link-level data rate but can easily implement a multicast transmission due to their wide-area coverage. In this paper, a resource allocation strategy that determines the most convenient way to transport the different content using both terrestrial (optical) and satellite (radio) technologies is proposed. Simulation results show that the placement time can be notably reduced in a hybrid terrestrial-satellite backhaul network, particularly in case of bad weather that impacts the data rate of the wireless optical links. The effect of the file popularity distribution and the number of 5G edge nodes on the delivery time is also studied in detail.
INTRODUCTION
The demand of mobile data that is expected in future 5G networks will be much higher than the one observed so far in 4G. This imposes new challenges to the wireless access part of the 5G network, as well as to the backhaul links that connect the edge nodes to the core network. In order to mitigate the impact that the high data traffic of new services will have on the backhaul network, one possibility is to cache the most popular content at the 5G edge nodes which, apart from processing capabilities, will be also equipped with storage capacity [1] , [2] . This will bring the content closer to the end users, avoiding the transmission of popular content in traffic peak hours and reducing the delivery time. However, the effective implementation of caching requires a dense backhaul network of inter-connected edge nodes, to make a massive distribution of content in a timely manner.
In cases where optical fibers are already deployed [3] , it is reasonable to re-utilize them to provide the backhaul connectivity of the future 5G edge nodes. However, as the cost of deploying new fiber cables may become prohibitive, particularly in dense urban areas or isolated sub-urban areas, Free Space Optical (FSO) technology appears as a convenient solution when a high-capacity link is needed to connect two edge nodes that are relatively close [4] . However, regardless the optical link is wired (fiber) or wireless (FSO), they are both more suitable for implementing a physical layer unicast transmission, which may create a serious problem in the total traffic load of the backhaul network when the same content needs to be delivered to different destinations.
In this situation, the broadcast nature of satellite systems starts to gain importance, as they can reach simultaneously many distant geographical destinations with a minor adaptation of the parameters of the PHY frame of the satellite system. This way, the same content that terrestrial optical (fiber/FSO) systems would have to unicast to multiple destinations can be easily offloaded to a single multicast satellite transmission. The delivery of content via satellite for 5G edge-catching has been investigated in the literature recently. For example, an intelligent caching algorithm for multicast transmissions was proposed in [5] , where the point-to-multipoint nature of the satellite was exploited to place the different requested files based on their global and local popularity. Similarly, the authors of [6] proposed a mono-/multi-beam hybrid satellite-terrestrial architecture with caching to reduce the required time for content placement. Finally, a two-layer caching model, where caches in the ground stations constitute the first caching layer while the satellite cache forms the second layer, was proposed in [7] .
This paper joins the current research trend in 5G that seeks the integration of satellite and terrestrial technologies into a hybrid backhaul network, taking advantage of the complementary benefits that both technologies have [8] , [9] . However, in contrast to most of the work reported in the literature so far, this paper applies an adequate management of both optical (terrestrial) and radio (satellite) communication resources to minimize the delivery time of the content to be placed in the 5G edge nodes. For this purpose, either a single multicast satellite or multiple unicast optical transmissions are selected to place each file according to its global popularity factor. This way, the overall efficiency of the hybrid backhaul network is notably improved, with the possibility to adapt the delivery strategy according the 5G network parameters (e.g., number of edge nodes), Zipf-popularity distribution of content, and instantaneous physical layer capacity of the optical and satellite links.
The rest of the paper is organized as follows: Section 2 presents the system model, the stochastic approach to determine the indexes of files to be placed in each 5G edge node (according to a given global popularity distribution), and the effect that weather conditions have on the FSO link data rates. Section 3 shows the simulation results, with emphasis on the improvement of the content delivery time when the use of both terrestrial (FSO) and satellite (radio) technologies is jointly optimized. Finally, conclusions are drawn in Section 4.
SYSTEM MODEL
The simplified system model of a 5G network that combines optical (multi-hop) and satellite (broadcast) links in the backhaul network is illustrated in Fig. 1 . The system contains K edge Base Stations (BSs) whose associated users request the delivery of M files (selected from a common library containing N elements) during the forthcoming content placement period. Each edge BS is equipped with (at least) a pair of terrestrial FSO transceivers that connect the edge node with the nearest neighbors, and through them to the core network (in a multi-hop fashion) to perform the proactive caching of content locally. In addition, each edge BS has also a satellite dish to receive the content that the satellite communication system multicasts in its coverage area. In this paper, we assume that a pre-defined off-line caching algorithm has determined a priori the indexes of files to be placed in each edge node [6] , and that the core network has access to this information to identify the most convenient way to deliver the content using either a satellite multicast or multiple FSO unicast transmissions. 
Popularity distribution of content
It is well referenced in the literature that the popularity of requested files in a content delivery network follows a heavy-tail distribution, whose popularity trend can be accurately qualified by the Zipf's law [10] , where
is the probability that a random request of content is made for file with index n. The parameter α controls the tail of the Zipf-distribution, such that a low α implies a more homogeneous popularity distribution of files, whereas a high α means that few files have very high popularity and a large number of files have a modest level of popularity. Typical values of α are between 0.4 and 1.0. Therefore, if we had N = 10000 files, this would mean that 50% of requests occur for the top 25.4% and 2.4% of the content for α = 0.5 and 0.9, respectively. To generate the indexes of the files that each BS k in set K = {1, . . . , K} requests in a given content placement period, assuming that the global popularity of files is given by (1), the following algorithm is proposed: 1) For each file with index n in the set
and tag each of these points with its corresponding file index n. 2) For each edge BS k ∈ K, determine the number of times that each file with index n is requested locally (i.e., L n,k ), by summing the number of Poisson points with tag n that lie in the interval
3) For each edge BS k ∈ K, find the indexes of the files requested by its users at least once in the placement period, and store these file indexes in set I k . That is, n ∈ I k if L n,k ≥ 1, whereas n / ∈ I k otherwise. 4) Finally, the number of edge BSs requesting each file with index n in a given placement period (i.e., B n ) equals the number of sets I k that contains the file index n among their elements.
Point values in Fig. 2a show the number of edge BSs that request the file with index n in a given placement period (i.e., a snapshot of the peviously described stochastic experiment). Results are presented for different Zipf-distribution parameters α, to see the effect that different popularity conditions have on the number of times that each file needs to be transmitted over the backhaul network. The solid lines that are also represented in the same figure were obtained using the theoretical formula that appears below, which has been derived using the theory of randomly distributed Poisson points (details are omitted for brevity). After some simple manipulations, it is possible to see that average number of edge BSs requesting file n is
where p(n) is given in (1). Therefore, when α = 1 (blue line), the 20 most popular files will be requested with very high probability by all BSs in the edge network, whereas the least popular file will be requested by only one BS. On the other hand, when α reduces to 0.4 (red line), even the most popular file will be requested on average by 90 edge BSs, whereas the least popular file will be now most likely requested by 6 edge BSs. 
Data rate in free space optical links
Without loss of generality, we assume that the end-to-end data rate of the multi-hop FSO terrestrial link that is established to connect each edge BS with the core network (i.e., the red solid arrows in Fig. 1 ) is limited by the data rate that can be supported in the longest FSO link, as in a decode-and-forward multi-hop relaying network [11] . A more accurate model that includes the study of the routing and flow control of the overall mesh terrestrial network, as provided in [12] , is skipped in this paper due to space limitation. Let us assume that a laser diode with optical power P tx = 18.5 dBm (70 mW) is used to cover a FSO link distance d fso at wavelength λ fso = 1550 nm. Let us consider that the diameter of the receiver telescope is D rx = 0.13 m or, equivalently, that the receiver area is A rx = π · (D rx /2) 2 ≈ 13.27 × 10 −3 m 2 , and that the beam divergence of the transmitter is θ tx = 8.5 mrad. Then, if the receive sensitivity of the FSO link for 1.25 Gbps was designed to be N b = −36 dBm (or equivalently, 1567 photons/bit), the FSO link data rate when On-Off Keying (OOK) modulation is used to transmit the information bits can be approximated as [13] 
where E p = hc/λ fso is the energy of a photon at wavelength λ fso , h is the Plank's constant, and c is the velocity of light. The optical efficiencies of the transmitter and receiver are assumed to be equal to τ opt = τ tx ·τ rx = 0.25, whereas τ atm is the atmospheric attenuation at wavelength λ fso . Therefore, for different weather conditions, such as clear sky (α atm = 0.2 dB/km), haze (α atm = 4 dB/km), and fog (α atm = 21 dB/km), the achievable data rate of the FSO link can be appreciated in Fig. 2b. As expected, the level of visibility in the atmosphere impacts the data rate that the FSO link can support notably. Unfortunately, in presence of fog (i.e., 500 m visibility), FSO communication at a reasonable data rate is only feasible for link distances of few hundred meters.
PERFORMANCE EVALUATION
The results presented in this section were based on the system model depicted in Fig. 1 , assuming that the indexes of the files requested by each edge BS were obtained according to the stochastic experiment described in Section 2.1, and that the end-to-end data rate of the terrestrial backhaul network is bounded by the longest haul (botleneck) of the FSO multi-hop link which, without loss of generality, is assumed to be equal to d fso = 2500 m. Finally, the data rate of the satellite link is 50 Mbps, regardless of the weather conditions. Figure 3 show the file placement time that is required when either the FSO terrestrial network (solid lines) or satellite network (dashed lines) are used to place the requested files for different Zipf-popularity distributions. As expected, the lower is the value of α, the longer is the delivery time as more files have to be stored in the edge BSs (when the x-axis of Fig. 2a is represented in linear scale, the area below the curve with α = 0.4 is the largest). In addition, it is straightforward to observe that the level of atmospheric visibility impacts notably the delivery time of FSO links, e.g., when comparing the performance in presence of clear sky (left panel) and haze (right panel). In contrast, the file delivery time using the satellite system is always the same, as the multicast transmission strategy is transparent to the popularity distribution parameter α and the number of nodes in the 5G edge network. Finally, the points in which the solid and dashed lines intersect represent the optimal strategy to minimize the delivery time of the requested content using both a single multicast satellite transmission (for the most popular content) and multiple parallel unicast FSO terrestrial transmissions (for the least popular content). Finally, Fig. 4 show the minimum delivery time when both FSO terrestrial (unicast) and satellite (multicast) backhaul networks are combined to perform the file placement. In this figure, simulation results are presented for different numbers of edge BSs per satellite beam, and for different global popularity distributions of the requested files. As expected, the placement time reduction becomes more notable when the number of edge BSs grows and when the Zipf parameter α is reduced. For example, when K = 500 BSs request content from a library of N = 10000 files with popularity from a Zipf-distribution with a light tail (i.e., α = 1), the placement time is reduced in a factor of 2.5 when both FSO and satellite are jointly used (i.e., from 8 to about 3 hours). The opposite situation takes place when K = 50 and α = 0.4, obtaining a more limited 20% time reduction.
CONCLUSIONS
In this paper, we proposed a resource allocation strategy to minimize the delivery time of the content to be cached in the 5G edge network. We considered that the indexes of the files requested by each edge node were known a priori, before the start of the content placement period, and that the popularity of each file can be approximated accurately using a Zipf-distribution with a given parameter α. Then, combining this information with other relevant parameters of the backhaul network, such as the number of edge BSs and the end-to-end data rate of the multi-hop FSO links, it was possible to determine the subset of most (least) popular files to be multi-(uni-)casted over the satellite (FSO) system. Based on the obtained simulations results, it was possible to conclude that the broadcast nature of satellite communication systems enables to reduce the file placement time notably in an hybrid backhaul network, particularly when the number of edge BSs is large, the popularity of the requested content is concentrated in few files, and the weather conditions impact the FSO link data rate.
